ABSTRACT The transformer bushing hot spot temperature (HST) seriously affects its performance and design. In this paper, a novel method for calculating the hot spot temperature of bushing is proposed, in which the principle of constant joule heat is adopted to transform the fluctuating current into the steady-state current. Firstly, the fluctuating current based on time is segmented. Then, the fluctuating current in each period of time is transformed into steady-state current which is used as heat source. Next, the Finite Element Method (FEM) is used to determine a typical bushing's temperature distribution and specify its hot spot. According to the calculation results of hot spot temperature rise, the time interval is adjusted. Finally, the optimal time interval and the steady-state equivalent current are obtained by solving the hot spot temperature of the transformer bushing iteratively. In addition, the method is used to calculate the hot spot temperature of a 220kV Oil Impregnated Paper (OIP) bushing. Compared with the results of traditional transient calculation method, the validity of the proposed method is verified, and the computing time is greatly reduced.
I. INTRODUCTION
Bushings are essential component of power transformers. Without bushings, large power transformers are unthinkable. A bushing's main roles are to conduct and electrically insulate. However, the function of dividing different insulation media is of the same importance because the bushing plays a significant role in determining the oil-filled transformer fire protection properties. With the voltage level and capacity of power grid increasing, the heat release would also rise. Thermal problem would become one of the most serious problems because of the operation condition of transformer bushings [1] . If the bushing is overheated or its exposure to the high temperatures is elongated, the chemical nature of the insulator can alter, which in turn leads to changes in the physical characteristics of the bushing and intensifies its wearing rate. The bushing lifetime is inversely related to its Hot Spot Temperature (HST). Therefore, the temperature The associate editor coordinating the review of this article and approving it for publication was Md. Moinul Hossain. distribution and the HST are prominent factors for elongating the bushings' lifetime and their optimal performance [2] .
For HST calculation of transformer bushing, McNutt et al. [3] employed the analog thermal model to obtain the HST. Model constants could be derived from a set of ''Overload Qualification'' tests and recommendations were made for the parameters of significance to these tests. Meanwhile, limitations on environmental factors which influence the bushing HST were also discussed. In [4] , The model of McNutt was improved, and the more accurate method for calculating the axial temperature of bushing was proposed. However, this method was only suitable for steady state. Hebert and Steed [5] made a detailed analysis of the [3] and deduced the thermal circuit model by using the finite difference method. Based on the method of McNutt, the IEEE Std. C57.19.100-1995 added coefficient n to calculate HST in the transient state. However, this application was only based on a rough overall assessment rather than an accurate transient temperature calculation. In [6] , the heat capacity was added, and Zhang used ATP (Alternative Transient Program) and equivalent thermal circuit VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ model to calculate the transient temperature distribution of the transformer bushing. Jyothi et al. [7] established an analog model to specify the bushing temperature distribution in presence of the Resin Impregnated Paper (RIP) bushing considering the relationship between conductivity and temperature.
In the last five years, many scholars used finite element method (FEM) to calculate the temperature field distribution and hot spot temperature rise of equipment. The FEM was used in [6] to obtain the temperature and electric field distribution law of RIP bushing. Allahbakhshi and Akbari [8] calculated the temperature field distribution of a two-dimensional axisymmetric model of a typical OIP bushing using FEM and COMSOL, and studied the position of hot spots under different load. ErdenA et al. [9] calculated the temperature distribution of the wall bushing using FEM considering the change of material parameters. AkbariM et al. [2] used FEM to calculate the transient temperature field of the 110 kV transformer bushing. At the same time, three overload scenarios were simulated two of which are from the IEEE C57.19.100 and IEC 60076-7 standards.
In the actual operation of the bushing, the current is always fluctuating. Most researchers only study on the calculation of transient temperature field in the case of step current. However, there are few reports considering the effect of current fluctuation.
In this paper, the paraments δ and ϕ are set. The fluctuating current in a certain time range is equivalent to steadystate current based on the principle of constant joule heat. In addition, the HST rise under different loads is calculated, according to the loads curve of the bushing in one day.
II. MATHEMATICAL MODEL A. GOVERNING EQUATION OF TRANSIENT TEMPERATURE FIELD 1) HEAT SOURCE OF TRANSFORMER BUSHING
The heat source of transformer bushing mainly comes from two aspects [8] :
1) The joule heat generated by the current passing through the conductor is shown in the following equation.
where W 1 is the joule heat of the conductor per unit time; I is the current passing through the conductor per unit time and R is resistance of the conductor.
2) The dielectric loss of the condenser body under alternating voltage, which is shown in equation (2) . The calculation of heat value of dielectric loss by using FEM can be described in the following equation where, V is the volume of each capacitor core element in finite element calculation as shown in Figure 1 ; E is the electric field intensity; ε 0 and ε r are the permittivity in vacuum and relative permittivity of the capacitor core respectively; f is frequency and M is the number of elements of the capacitor core.
2) HEAT TRANSFER GOVERNING EQUATION OF INTERNAL TEMPERATURE FIELD IN BUSHING
The heat passing through a given section per unit time is proportional to the temperature change rate perpendicular to the direction of the cross section and cross-sectional area, which can be obtained from equation (3).
= −λS
where, is the heat flux, W; λ is the heat conduction constant, W/(m·K), S is the cross-sectional area, m 2 and ∂T /∂x is the temperature gradient in the direction of the heat flow; The negative sign indicates that the heat flow direction is always opposite to the positive direction of the temperature gradient. The heat flux in any direction can be decomposed into the components of the direction of x, y and z coordinate axes,
where ( x )x is the value of x at x point, and so on. The heat of the infinitesimal element derived from the three surfaces x = x + dx, y = y + dy, z = z + dz can also be written in equation (5) according to Fourier's law.
For infinitesimal element, according to the law of conservation of energy, there are the following thermal balance relations at any time interval. The total heat flux flowing into the infinitesimal element + the heat generation in the infinitesimal element = the total heat flux flowing out of the infinitesimal element + the increment of the thermal mechanical energy (i.e. internal energy) of the infinitesimal element. Where the increment of internal energy = ρc ∂T ∂t dxdydz
where ρ, is the density, kg·m −3 , c is the specific heat capacity, J·(kg·K) −1 , Q is the heat generation of heat source in a unit volume per unit time, W·m −3 , and t is the time, s. According to the law of conservation of energy, equation (7) can be given
The equation (7) is transformed to equation (8) .
Under constant physical properties conditions, equation (8) can be changed into equation (9) ∂T ∂t = α
Mathematically, equation (9) is Three-dimensional transient heat transfer differential equation. For the cylindrical structure of the bushing model, equation (9) can be transformed to equation (10) FIGURE 2. Typical daily load current curve of a substation.
In order to avoid the trivial solutions and achieve the complete solution, both Dirichlet and Neumann boundary conditions should be applied [7] , [11] . Equations (11) and (12) show the Dirichlet and Neumann boundary conditions, respectively
where T a is the ambient temperature and P 1 is the produced heat in the unit length of the conductor. If the conductor and bushing radii are a and b respectively, then:
B. PRINCIPLE OF EQUIVALENT STEADY-STATE CURRENT
In power system, the load current through transformer bushing fluctuates at any time. As shown in Figure 2 , the current data is measured by current transformer (CT) in every 5 minutes, and a total of 289 current data points are measured in 24h. Each current data in the daily load current curve is used as the heat source, although the HST calculation is accurate, it still requires a large amount of data, a long calculation time and a high requirement for computer configuration. In this paper, according to the principle of constant joule heat, the transient current is equivalent to the steady-state current, as shown in Figure 3 . The current is regarded as a constant value in a certain time interval, and the joule heat is the same regardless of the transient or the steady-state current.
According to this principle, the equation of the steady-state equivalent current in this time interval is: where, I eq−st is the steady-state equivalent current in a certain time interval, A. I is the transient current in a certain time interval, A. t is the time, min. R is the resistance, .
The CT measures the current data every 5 minutes. Because the time interval is very short, the temperature rise of the hot spot does not change much. It is considered that the current does not change in 5 minutes. The equation (15) can be equivalent to equation (16)
where I i is the transient current at this moment, A; N is the number of transient current data in the interval. In the process of equivalence, if the difference between the maximum and minimum of transient current is large, the error of HST after equivalence will be large. Therefore, the range of transient current fluctuation is the key issue to be considered in the process of equivalence.
C. CALCULATION FLOW
The calculation flow is shown in Figure 4 . In this paper, the steady-state current equivalence method and finite element method simulation are used to solve the HST in bushing. Firstly, the model of bushing is built, and the materials are assigned to the designed geometry. Then, the voltage and electrical field distribution are obtained by using FEM, dielectric loss of each element is calculated by equation (2) . The transient temperature field is solved by using dielectric loss and transient current as heat resource, and the HST x in this interval is obtained. In addition, the boundary conditions of (13) (14) have to be considered. At the same time, the transient current in this time interval is divided into time groups. The division principle is to compare the value of transient current I 1 at the starting point of the interval with the next value I 2 , if the absolute error between the two value is less than δ, the value I 1 is compared with the next value I 3 . If the absolute error between the value I 1 and I n is greater than δ, the time from the value of transient current I 1 to I n−1 is recorded as X 1 . The next time interval begins at the time point where the value I n is located and continues to be divided according to the above method, which is denoted as
For a time interval X i , it needs to be subdivided. The subdivision principle is that if the difference between the maximum I i_max and minimum I i_min in this time interval is less than ϕ, the time interval should not be subdivided. Otherwise, starting from I i_a (where i represents the i-th time group X i , a represents the a-th transient current in this time interval, a≥3), it should be compared with the previous transient current I i_b (b<a) in turn. If the absolute error between I i_a and I i_b is greater than ϕ, it will be subdivided into time interval, which is recorded as X i_c , and so on. The transient temperature field is solved by using dielectric loss and steady-state equivalent current, and the HST y in this interval is obtained. Compared the HST x with the HST y, if the maximum temperature error of the two is greater than 0.1 degree, the values of δ and ϕ should be adjusted and calculated iteratively until the temperature error is less than 0.1 degree.
III. STEADY-STATE CURRENT EQUIVALENCE A. THE MODEL OF OIP
This paper takes a 220kV/1600A oil impregnated paper insulation (OIP) transformer bushing as the research object. The length of the bushing is 4.7m. The number of layers of aluminum foil is 57. The thickness of each layer of aluminum foil is 0.007mm.
The bushing model is a strict axisymmetric model, as shown in Figure 5 .
In order to reduce the difficulty of modeling, shorten the calculation time and ensure the correctness of the calculation results, two-dimensional axisymmetric model is adopted here, as shown in Figure 6 . 
B. HST CALCULATION OF OIP IN THE TRANSIENT STATE
The heat source of the transformer bushing mainly comes from the joule heat generated by the current passing through the conductor, the top oil temperature of transformer and a small amount of dielectric loss.
The material parameters of each part are shown in Table 1 . In this paper, the time interval of the transient current with the largest fluctuation range from 0 to 600mins in Figure 2 is extracted, during which the transient HST of the transformer bushing is calculated.
In the process of the transient temperature field calculation, it is necessary to set the temperature field distribution of the bushing at the initial time. It is assumed that the transformer bushing has been running steadily for a long time. The temperature field distribution of the transformer bushing at the initial time is shown in Figure 7 . It can be seen from the figure that the hot spot is located in the middle and lower part of the transformer bushing, which is the same as the result of [8] .
The change of HST in 0-600mins is shown in Figure 8 , and the total calculation time is 3h30min. It can be seen from Figure 8 , the change trend of HST is basically consistent with that of current. 
C. HST CALCULATION OF BUSHING AFTER STEADY-STATE CURRENT EQUIVALENCE 1) SETTING PARAMETER DELTA
In order to make the steady-state current equivalent accurately, it is necessary to divide the transient current into time groups reasonably. The division principle is to compare the value of transient current I 1 at the starting point of the interval with the next value I 2 , if the absolute error between the two values is less than δ, then the value I 1 is compared with the next value I 3 . If the absolute error between the value I 1 and I n is greater than δ, the time from the value of transient current I 1 to I n−1 is recorded as X 1 . The next time interval begins at the time point where the value I n is located and continues to be divided according to the above method, which is denoted as X i (i = 1, 2, 3, . . .) .
The transient current in 0-600min is equivalent to the steady-state, and the time is grouped according to the change range of the transient current. The parameter δ is set to 100, 70, 50 and 30 respectively to verify the most appropriate number of time groups in turn. The steady-state equivalent current of each time group is obtained by using equation (16). The transient temperature field is solved by using dielectric loss and steady-state equivalent current, and the HST in this interval is obtained. The results are compared with the transient HST in Figure 9 , and the absolute error is obtained. The results are shown in Figure 9 and Table 2 respectively. It can be seen from the Figure 9 and Table 2 , when the parameter δ is 100 and 70, the number of time group is the least and the calculation time is the shortest. however, the absolute error is the largest, and the maximum absolute error reaches 0.89 degree. When the parameter δ is 30, although the maximum absolute error of HST is the smallest, which is only 0.06 degree, the number of time groups is the largest, which leads to the longest calculation time. Thus, the parameter δ is set to 50.
According to the value of parameter δ, the transient current in 0 ∼ 600 minutes is divided into 12 groups, which are recorded as X 1 , X 2 , . . . , X 12 , as shown in Figure 10 , The steady-state equivalent current of each time group is obtained by using equation (16).
The steady-state equivalent current of each group is used as heat resource to calculate the HST of bushing. The results of calculation and temperature difference are shown in Figure 11 .
It can be seen from Figure 11 , the temperature difference curve fluctuates greatly from 101 min to 405 min. The maximum temperature difference is 0.4 degree and locate at 295 min. The transient current waveform in 90-425 min is extracted, as shown in Figure 12 . It can be seen from that the transient current decreases rapidly from the maximum value 1082A to 699A within 90-300 min, while the equivalent current is 898A, which makes the temperature difference in this area larger. Although the amplitude of current fluctuates obviously in 300-370min, it fluctuates near the value of equivalent current, which reduces the temperature difference. It can be seen that the transient current cannot be completely equivalent to the steady-state current only when the parameter δ is set.
2) SETTING PARAMETER PHI
12 groups of equivalent steady-state currents are subdivided and the initial value of parameter ϕ is set to be 100. By iteration calculation, the parameter ϕ is finally determined to be 80, according to the convergence criterion. steady-state equivalent current is shown in Figure 13 . The equivalent current of each group is used as heat source of temperature field to calculate the HST of bushing. The calculation time is 27 minutes, and the results are shown in Figure 14 . It can be seen from Figure 14 , the HST calculation results solved by transient current and equivalent steady-state current are basically in agreement. The maximum temperature difference is 0.078 degree, which is located at 547 min.
IV. CALCULATION VERIFICATION OF THE BUSHING HST
The daily load current curve in Figure 2 is taken as an example to calculate the change HST of bushing in a day. Since the bushing type and parameters have not changed, the values of parameter δ and parameter ϕ are 50 and 80 obtained from 3.3 section respectively, and the number of time groups is 42. The calculation results are shown in Table 3 . The HST calculation results of the two methods are compared as shown in Figure 15 .
The calculation results show that the HST of bushing obtained by using the steady-state current equivalence method described in this paper is consistent with the calculation results of the transient current, and the maximum error is 0.104%. The computing time is only a quarter of that of traditional method. Therefore, the steady-state current equivalence method used in this paper is effective and reliable in calculating the HST of transformer bushing under fluctuating load current. 
V. CONCLUSION
In this paper, a novel method for calculating the HST of bushing is proposed, in which the principle of constant joule heat is adopted to transform the fluctuating current into the steady-state current.
Firstly, the time-harmonic electric field of bushing is calculated by the finite element method, and the internal dielectric loss is obtained. The transient current and the internal dielectric loss are used as the heat source for calculating the transient temperature field of bushing. The transient HST is calculated and used as the benchmark. Then, the values of parameters δ and ϕ are set and the transient current is divided into time groups. According to the steady-state current equivalence equation, the transient current in each time interval is equivalent to the steady-state current. The equivalent steady-state and dielectric loss are used as the heat source for calculating the transient temperature field of bushing. The transient HST is extracted and compared with the benchmark. If the maximum temperature difference of the two is greater than 0.1 degree, the values of δ and ϕ should be adjusted and calculated iteratively until the temperature difference is less than 0.1 degree. The daily load current curve of certain transformer substation is taken as an example to calculate the change HST of bushing in a day.
Compared with the standard value, the maximum absolute error is 0.09 degree, which verifies the correctness of the method and the computation time was reduced by 78%. 
